The new Soxflo instrument was evaluated for the determination of crude fat in foods and animal feeds. Samples are packed into small columns and extracted with petroleum ether at room temperature. The Soxflo yielded accurate data from foods, ranging from 0.4 to 73.2% crude fat, compared with Soxhlet extractions and Certified Reference Materials, for which recoveries averaged 99.7 and 100.7%, respectively. Relative standard deviations (1.81%) were approximately half those of Soxhlet extractions (3.68%). Regression analysis of the data suggested that there was no proportional bias. A small but acceptable constant bias was measured. Soxflo extractions are easy to perform and take approximately 1 h to complete. The main difference between the Soxflo and Soxhlet techniques lies in the extraction procedure. Estimated savings during extractions are in time (85% reduction), energy (95%), cooling water (100%), and solvents (50%). Soxflo extractions are, therefore, more environmentally friendly than Soxhlet extractions.
T he determination of free or crude fat in foods and animal feed is regulated by standard procedures. Lumley and Colwell (1) reviewed the current methodologies and stated that "the analytical procedure used will chemically define the fat content because no one method will give an absolute value." Free or crude fat (CF) is generally obtained by extraction with nonpolar solvents, e.g., hexane, petroleum ether, or diethyl ether (with or without prior acid or alkaline hydrolysis). Thus, crude fat consists mainly of neutral fats and nonpolar lipids, which accounts for over 90% of total lipids in many foods and animal feeds. Although the determination of total lipids is increasingly important for nutritional studies, CF determinations are regularly used in industry for process control, pricing, and regulatory compliance (2) .
Soxhlet apparatus is widely used for the extraction of CF, e.g., in AOAC Official Methods 7.062, 14.018, and 24.005 (3, 4) . However, Soxhlet extractions (SoL) suffer from several disadvantages: (1) flammable solvents and cooling water are above the heat source and electrical components and represent a safety hazard and (2) long extraction times (4-48 h) are used to complete extractions. As a result of heating the extracted fat for several hours, it is unsuitable for further analysis, e.g., rancidity tests or measurements of unsaturation or labile compounds (1, 5) . Furthermore, methods based on Soxhlet extractions were not designed to meet the new environmental regulations. They are expensive in terms of energy and wasteful of cooling water. Although other methods such as Soxtec (6), supercritical fluid (7), and accelerated solvent extractors (8) are faster and use smaller solvent volumes, they also require heating or water cooling, or are expensive to acquire.
Maxwell and co-workers (9-11) pioneered a dry column procedure (DCP) for extracting total fat and lipid subclasses from meat, meat products, canned pet foods, and muscle tissues. The procedure is relatively fast (< 2.5 h for total fat extraction) and gives low standard deviations and excellent recoveries of neutral and polar lipids from muscle tissue, compared with conventional chloroform/methanol extraction using separatory funnels. In addition, the DCP yields lipids that have not been altered by heat extractions, which is a problem in many other fat extraction methods (12) . The DCP was accepted by AOAC INTERNATIONAL for the determination of N-nitrosopyrrolidine in fried bacon (2) . The main point of discussing these studies is that, contrary to common perceptions (13), heating is not necessarily required for fat extraction.
Brown (14, 15) has developed a new instrument, Soxflo (SoF), which incorporates the basic principles of the DCP and overcomes some of its shortcomings (9-11): (1) the DCP can suffer vapor locks that restrict solvent flow if the ambient temperature is above 27°C; (2) care is needed when the eluting solvent is applied; (3) tightly or moderately compressed sample beds are needed because channels may be produced if the column is packed too loosely, resulting in incomplete elution of lipids; and (4) long columns and different dimensions are used for various sample sizes to ensure adequate packing.
We report here investigations into the potential of the new Soxflo technique for the determination of crude fat in a range of foods and a few animal feeds. Petroleum ether was chosen as the extraction solvent because it is less prone than diethyl ether to extract phospholipids, starches, proteins, or sugars and it does not have the mutagenic and carcinogenic proper- ties or ozone-destroying effects of halogenated solvents (1, 9, 11, 16) .
Experimental

Samples
The following foods were purchased in local shops: red lentils, semolina, Nestle Coffee Light Mate, Nestle Coffee Mate, Cadbury's milk chocolate, sunflower margarine, peanuts, pine kernels, ground lamb meat, and crisps. Animal feeds (maize, cattle, pig, and poultry feeds) were obtained from feed manufacturers. Certified reference materials (CRMs) were purchased from LGC plc (Teddington, UK): pork/chicken meat (LGC7002), white bread flour (LGC7003), yellow fat spread (LGC7004), milk drink powder (LGC7007), and chocolate confectionery (LGC7016).
Reagents and Apparatus
Celite 545 and petroleum ether (40°−60°C, reagent grade) were purchased from Fisher Scientific (Loughborough, UK); cellulose thimbles, 26 × 60 mm, from Whatman International Ltd. (Maidstone, UK); and the Soxflo instrument and cellulose pads (25 mm diameter, 2 mm thickness), from Scientific and Technical Supplies Ltd. (Newmarket, UK).
Sample Preparation
Samples were briefly ground to a fine mixture in a Janke & Kunkel A10 grinder (IKA Labortechnik, Staufen, Germany), and care was taken to minimize heat damage. Meat samples (3 g) were mixed with Celite (1.5 g) and oven-dried at 100°C (3, 17) . Chocolate, Coffee Light Mate, and Coffee Mate (3 g) were hydrolyzed with 3M HCl (100 mL), washed thoroughly with water, and oven-dried at 100°C overnight (18) . All other samples (nuts, seeds, semolina, margarine, crisps, and animal feeds) were not predried (4, 19) .
CRMs were used as received and prepared as follows: pork/chicken meat, chocolate confectionery, and white bread flour were mixed with 1.5 g Celite and dried to constant weight at 100°C; yellow fat spread was mixed with 1.5 g Celite and extracted without oven-drying; milk drink powder was hydrolyzed for 1 h under reflux in 3M HCl (100 mL), rinsed with water, dried at 100°C overnight, cooled, and then thoroughly mixed with 1.5 g Celite and extracted.
Soxflo extractions.-In general, 5 replicate extractions were made by using 3 g sample sizes. CRMs were extracted in triplicate by using 1-2 g sample sizes because the quantities available were limited. The effect of sample size (0.5-10 g) on extraction efficiency was tested with triplicate extractions of Coffee Mate and peanuts (Table 1) , and repeatability data (Table 2) were based on 10 replicate analyses of red lentils and sesame seeds (incorporating 1.5 g Celite).
Samples were sandwiched between 2 cellulose filter pads and firmly compressed by hand into stainless steel sample holders (item 1 in Figure 1 ). The lower pad acted as a filter to retain loose particles, and the upper pad facilitated solvent addition. Petroleum ether (70 mL) was placed into the solvent vessel (item 2, Figure 1 ) and is passed through the sample once. Flow rates were adjusted to 1-2 drops/s by pressure or slight vacuum from an integral peristaltic pump (connected to item 7, Figure 1 ). Overall extraction times were 45-90 min.
Soxhlet extractions.-Samples (3 g) were weighed into cellulose thimbles, placed into Soxhlet extractors (75 mL), and extracted with petroleum ether (150 mL) for 5 h at a rate of 10 cycles/h (4).
Determination of Fat Content
Petroleum ether was evaporated within 30 min by using the warm air facility of the Soxflo instrument or on a rotary evaporator at 50°C after the Soxhlet extractions. The round-bottom flasks were then dried at 100°C for 1 h, and the fat content was determined gravimetrically.
Statistical Analysis
INSTAT software was used for all analyses (20) .
Results
Optimization of Sample Size for Soxflo Extractions
Sample sizes of Coffee Mate and peanuts ranging from 0.5-10 g were extracted with petroleum ether. The highest crude fat contents were achieved with sample sizes of 1-4 g ( Table 1 ). The data suggest that the smaller and larger sample sizes (0.5, 8, and 10 g) tended to produce slightly larger errors.
Comparison of Soxflo and Soxhlet Extractions
Lentil and sesame seeds were extracted 10 times in order to evaluate the repeatability of the SoF extractions at low and high fat contents (0.5 and 60%). Soxflo extractions tended to be more reproducible and have lower relative standard deviations than Soxhlet extractions (Table 2) .
A range of food samples was extracted to test the Soxflo for proportional and constant bias. Table 3 The slope of 0.9895 is not significantly different from 1.0, indicating that the Soxflo procedure has no proportional bias. The intercept of 0.2713 seems to suggest a small but constant bias. As shown above, SoF extractions are highly reproducible with relative standard deviations (1.81%) on average being half those of SoL extractions (3.68%). Figure 2 depicts the fitted line for a slightly larger sample set. It includes all data points, based on 5 replicate determinations, from Table 3 plus single determinations for an additional 5 crisp samples (6.9-11.9% CF by SoF), 7 animal feed samples (0.76-9.36% CF by SoF), and 2 oil seed samples (31.4-40.0% CF by SoF).
Extractions of CRMs
The accuracy of Soxflo extractions was tested by using CRMs with fat contents ranging from 1.4-73.4%. The Soxflo procedure gave an average recovery of 100.7% (Table 4) This demonstrates once more the absence of a proportional bias and a small constant bias of 0.05 percentage units of the Soxflo procedure.
Discussion
Evaluation of Soxflo Extractions
Optimum crude fat contents were obtained with sample sizes of 1-4 g when 70 mL petroleum ether was used (Figure 3) . Other combinations of samples sizes and elution volumes will be possible for larger sample quantities if needed.
The repeatability of SoF was better than that of the SoL extractions. Although compression of the sample beds is an important step in SoF extractions, the smaller relative standard deviations demonstrate that this is easy to achieve (Tables 2  and 3) .
SoF extractions yielded accurate data over a wide range of CF contents (0.4-73.2%) in food samples when compared with SoL extractions and with CRMs (Tables 3 and 4) . The average recovery of CF by SoF was 99.7% compared with SoL and 100.7% compared with CRMs. There was no proportional bias of SoF extractions because the slope of a linear regression of SoF on SoL data was not significantly different from 1.0 (see also Figure 2 ). A slight constant bias (0.05-0.3%) was detected, but this will be acceptable for most applications of CF determinations. It would appear that the Soxflo technique does not require correction factors for different types of samples that are required in some other CF techniques (21) .
Principles of Soxflo Extractions
During Soxhlet extractions, analytes are continuously desorbed and then redistributed within the sample matrix before a fraction is siphoned out. This type of extraction follows the Nernst partition laws and, therefore, requires many cycles, which take several hours to achieve complete extraction (22) . In contrast, the Soxflo procedure minimizes readsorption of analytes because they are removed from freshly exposed surfaces, and the sample matrix is continuously exposed to pure solvent. The Soxflo and DCP procedures can be compared to flash column chromatography, which is now widely used for the purification of organic compounds (23) . Flash column chromatography uses pressure or suction to pass solvent through short silica columns quickly. The increased speed (0.5-30 mL/min), compared with gravity flow, reduces analyte readsorption and thereby results in low band dispersion (24, 25) . Soxflo extractions are based on these same principles, and flow rates are optimized by applying pressure or vacuum (approximate rates: 1 mL/min). As in chromatographic procedures, the choice of column length (or the amount of sample in the case of SoF) and particle size (or extent of grinding in the case of SoF) will affect the speed and efficiency of SoF extractions. It is of interest to note that, contrary to the most common fat extraction procedures (13), heating is not necessary for the efficient extraction of fat. The results presented here have shown that crude fat can be rapidly and efficiently extracted from a wide range of foods and several animal feeds by cold extraction using the Soxflo instrument.
Advantages of Soxflo Extractions
The Soxflo technique offers several advantages over other extraction methods. Compared with Soxhlet extractions, running costs are low and safety is greatly improved because no fume cupboard space, cooling water, or heating is required during the extraction. Compared with the DCP technique, SoF extractions are easier to handle because column lengths are < 6 cm vs 25-30 cm in DCP (11) . Analysts, therefore, benefit from an instrument which is easy to operate and fast, with extractions requiring ca 60 min compared with several hours typical of Soxhlet extractions.
In addition, the SoF instrument yields environmental benefits because cooling water is not required, and the consumption of solvents and energy is reduced. All other operations, such as sample drying, preparation, or solvent evaporation, are the same for the SoF and SoL extraction methods. Estimated savings during SoF extractions are 100% of cooling water, 95% of energy, 50% of solvents, and 85% of time, compared with SoL extractions.
Preliminary tests (unpublished) have shown that the Soxflo technique is also applicable to other analytes because a wider choice of solvents, including mixed solvents, can be used to optimize extraction efficiencies or specificities. Although Soxflo extractions do not depend on hot solvents, the process of passing solvent through some samples results in a brief temperature rise during initial solvation. Samples are, therefore, not subjected to prolonged heating. The SoF technique may thus be suitable for the extraction of volatile or labile compounds as recommended previously (12) . This would, however, require careful attention to alternative sample drying procedures, e.g., with sodium sulfate or in a vacuum oven. In general, the extraction efficiencies can easily be optimized, if needed, by modifying the drying or digestion of samples in situ in the stainless steel holders. Furthermore, the simplicity and speed of the Soxflo technique may lend itself to extractions on-site and at production lines.
In conclusion, the Soxflo technique was found to be an accurate, fast, safe, and economical alternative for the extraction of crude fat from a wide range of foods and some animal feeds.
